A computational study has been performed to determine the aerodynamics of Army airdrop systems using computational fluid dynamics (CFD). The validation of flow field predictions. from CFD software packages for airdrop systems is difficult because comprehensive experimentally obtained data are lacking. This is especially true for real systems because obtaining desired flow field data during a test is not practical or possible with available technologies. This report examines the results of predictions from two separate CFD codes for the same airdrop systems as an initial step toward validating high performance computing software for modeling airdrop systems. Numerical results have been obtained on two airdrop systems used by the U.S Army: the T-10 personnel system (no payload) and the G-12. cargo system with and without a payload. The two software packages used for the comparisons are a CFD code that employs a stabilized semi-discrete finite element formulation of the incompressible Navier-Stokes equations and CFD++, a commercially available code. For this numerical experiment, computed unsteady flow fields were obtained with the same unstructured mesh, and predicted flow fields were compared. Similarities and discrepancies in the comparisons are highlighted, and conclusions are drawn from these results.
INTRODUCTION ..
The interaction between the parachute system and the surrounding flow field is dominant in most parachute operations, and thus the ability to predict parachute fluid-structure interaction (FSI) is necessary for an accurate prediction of parachute behavior. The U.S. Army is investing in developing tools to simulate parachute FSI. A computational tool that models the terminal descent characteristics of a single parachute and a cluster of parachutes is a technology that is needed by parachute designers and engineers. There has been a continuing effort between the U.S. Army Soldier and Biological Chemical Command, Soldier Systems Center (Natick, Massachusetts) and the U.S. Army Research Laboratory (ARL) (Aberdeen Proving Ground, Maryland) to develop this computational tool. The collaborative effort focuses on airdrop system modeling through a technology program annex. Because extensive experimental data are lacking, it is difficult to determine the accuracy of the predicted flow fields around parachutes.
Also, a clear understanding of the wake flow field behind the parachute body for a single parachute, as well as clusters of parachutes, does not exist. Current cluster parachute systems are over-designed and often poorly optimized because the interacting flow fields associated with these parachute systems are not clearly understood.
The ultimate goal is to develop capabilities to model the airdrop system from the opening process to the final terminal descent. The opening process of the airdrop system is extremely complex and is not a current goal of this work. The emphasis here is on the numerical computational fluid dynamics (CFD) prediction of the flow over airdrop systems in the terminal descent phase. The ability to accurately simulate the flow field around a parachute is a complex problem. The aerodynamic characteristics associated with a single parachute or a cluster of parachutes in the terminal descent phase are extremely complex to model. The complexity arises largely from the fact that the flow field depends on the canopy shape, which itself depends on the flow field. A correct model must include the coupled behavior of the parachute system's structural dynamics with the aerodynamics of the surrounding flow field. A coupled model is required to determine the terminal descent characteristics of parachutes, including velocity, shape, drag, pressure distribution, and the other flow field characteristics.
As a starting point, the present research has focused on the use of CFD to gain a basic understanding of the aerodynamic interference flow fields associated with parachute clusters.
Prior work included CFD modeling of single axisymmetric and three-dimensional (3-D) canopies.
In this case, CFD techniques were used to model a fixed shape single canopy in 3-D. The results
were manually coupled to a static structural code that predicted the canopy shape based on a CFD-supplied canopy surface pressure distribution. [ 1,2] These solutions were obtained by using different numerical codes at ARL, and Natick provided good agreement of pressures on the parachute inner and outer surfaces. Again, no experimental data were available for comparison with the computed results. CFD modeling was then extended to include a cluster of three halfscale C-9 flat circular parachutes. [3] The rationale for choosing this configuration was to compare some aspects of the solutions to an experimental study of this cluster configuration during controlled conditions, recently completed by Lee, Lanza, and Buckley. [4] This report describes the application of two separate CFD codes for the same airdrop system. A brief description of both numerical techniques is provided in the following section.
For this numerical experiment, computed unsteady flow fields have been obtained with the same unstructured mesh, and predicted flow fields have been compared.
NUMERICAL TECHNIQUES

Finite Element Flow Solver
One strategy being employed to simulate parachute FSI uses the deforming-spatial-domain/ stabihzed space-time (DSD/SST) formulation [5, 6] of the time-dependent, 3-D Navier-Stokes equations of incompressible flows. The DSD/SST procedure is well suited for problems involving changes in the shape of the spatial domain, such as those encountered during parachute FSI. This formulation has been well tested and applied to a large variety of fluid dynamics problems involving moving boundaries and interfaces. In the space-time formulation, the finite element interpolation functions vary both spatially and temporally, automatically accounting for changes in the spatial domain. Turbulent features of the flow are accounted for using a simple algebraic turbulence model. The formulation is stabilized against two types of instabilities that arise for advection-dominated flow [7] and for formulations with equal order interpolation functions for velocity and pressure. [8] For the problems presented, our primary focus is on the time-dependent flow field surrounding the canopy of a U.S. Army T-10 system. For these simulations, we assume that the canopy is rigid, and thus there is no deformation of the spatial domain. Instead of the stabilized space-time formulation, we use a stabilized semi-discrete formulation of the 3-D Navier-Stokes equations of incompressible flows. [7] As in the space-time formulation, the semi-discrete formulation is stabilized against two types of instabilities. However, this formulation is adequate .
for problems with no spatial deformations and is less computationally intensive than the spacetime formulation. For the problems being considered, the fluid is assumed to be Newtonian, and the dynamic viscosity is modified locally using a Smagorinsky turbulence model. in which nx, ny, and nz are the cell face normal, U is the preconditioning parameter, pT and pP are the derivative of density with respect to temperature and pressure, and C, is the specific heat at constant pressure. If one starts with the nonconservation form of the equations, it can be easily shown that this preconditioning involves changing the pP term in the first equation into (I / U2 -pr / pCp ). This has the effect of changing the eigenvalues to the ones given previously.
The quantity U given in these equations is a reference velocity that is usually set to some factor of the local velocity and is the driving force behind the normalization of the eigenvalues. If one further analyzes the aforementioned eigenvalues for an incompressible constant density flow, one finds that p is zero and a is l/2. Therefore, as long as U is of the same order as the local velocity, the eigenvalues all remain the same order as u.
RESULTS
The T-10 parachute is a 35-foot constructed diameter, flat extended skirt canopy consisting of 30 suspension lines. The G-12 parachute is a 64-foot constructed diameter, flat circular canopy consisting of 64 suspension lines. .A structural dynamic finite element code was used to generate the predicted inflated shape of these two canopies.[l4,15] The inflated shapes were used to construct the unstructured CFD meshes for each of these models. The unstructured 3-D volume meshes were generated with an automatic mesh generation software. Computed results were also obtained for the same case using a one-equation turbulence model. Computations have also been performed on another airdrop system, G12, with and without the payload. All computations for this airdrop system have been performed using the CFD++ code to date. Figure 14 shows the unstructured computational mesh for the G-12 parachute with no payload. This grid (a coarse one) contains 266620 nodes and 163 1713 elements. A finer grid (335 102 nodes and 2035 143 elements) was also generated for the same configuration. Computed results were obtained for both coarse and fine meshes. Figures 15 and 16 show the computed pressure contours for the coarse mesh and the fine mesh, respectively. Qualitative flow features are similar to those observed with the T-l 0 parachute case (higher pressure on the inside and lower pressures on the outside of the parachute). Figure 17 shows the convergence history of the aerodynamic drag for these computations, It is clear that the coarse mesh solution is more or less steady. On the other hand, the fine mesh solution clearly indicates the flow field to be unsteady.
The average drag for the fine mesh case, however, is only 2.5% larger than the drag obtained with the coarse mesh. Figure 18 shows the unstructured mesh about this G-12 canopy, including the payload (in this case, an A-22 container, 4-foot cubed box), and the corresponding computed pressure contours are shown in Figure 19 . The payload affects the incoming flow seen by the parachute. The flow behind the parachute is similar to that of the no-payload case. The flow interference region between the payload and the parachute is quite different from that observed with the no-payload case. Quantitatively, the aerodynamic drag of the G-l 2 parachute is reduced by about 12% because of the payload. The computed drag coefficients are 0.65 and 0.57 for the G-12 parachute without and with the payload, respectively. For comparison, the drag coefficient derived from the design guide for the G-12 system (total weight of 2,330 lb at a terminal velocity of 28 ft/sec) is 0.78. Note that the CFD computations are for a given shape of the parachute. It is expected that better shapes at the terminal state will result from an FSI simulation, leading to better drag prediction. 
